Lead Exposure of Obligate Avian Scavengers in Eastern North America
, and from potential anthropogenic sources (Komárek et al., 2008) . ; n=23), in the "medium" group averaged 25.09mg/kg ± 2.42 (range: 20.9 -28.5; n=17), and in the "low" group averaged 12.85mg/kg ± 4.98 (range: 4.5 -19.7; n=16) . Kidney is most strongly negatively correlated to the first discriminant dimension of LD1, which accounts for 73.6% of variation in the data vii set. Liver and breast muscle, respectively, are positively correlated to the second discriminant dimension of LD2, which accounts for 23.4% of variation in the data set.
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ABSTRACT
Lead is a prominent and highly toxic contaminant with important impacts to wildlife. To understand the degree to which wildlife populations are chronically exposed, we quantified lead levels within American black vultures (Coragyps atratus; BLVU) and turkey vultures (Cathartes aura; TUVU), two species that are useful as environmental sentinels in eastern North America.
Every individual sampled (n = 108) had bone lead levels indicative of chronic exposure to anthropogenic lead (BLVU: x = 36.99 ± 55.21 mg Pb/kg tissue (±SD); TUVU: x = 23.02 ± 18.77 mg/kg). Only a few showed evidence of recent lead exposure (BLVU liver: x = 0.78 ± 0.93 mg/kg; TUVU liver: x = 0.55 ± 0.34 mg/kg). Isotopic ratios suggested multiple potential sources of lead including ammunition, coal-fired power plants, gasoline, and zinc smelting.
Black and turkey vultures range across eastern North America, from Quebec to Florida and individuals may traverse thousands of kilometers annually. The extent to which vultures are exposed suggests that anthropogenic lead permeates eastern North American ecosystems to a previously unrecognized degree. Discovery of an epidemic of chronic lead exposure in such widespread and common species and the failure of soft-tissue sampling to diagnose this pattern has dramatic implications for understanding modern wildlife and human health concerns.
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INTRODUCTION
Lead exposure increases behavioral problems and decreases the attention span and the IQ of children (Carpenter, 2001; . These effects are likely irreversible despite lowering blood lead levels through chelation (Carpenter, 2001) . Within the U.S., lead-free paint and automobile gasoline now are mandated because of these dangers.
Nevertheless, lead is still regularly used by humans in manufacturing and ammunition and is prevalent in human and natural ecosystems (Vucetich et al., 2009; Robbins et al., 2010) . The quantity of spent lead shotgun shot may reach >400,000 -2 million pellets per acre (Pain, 1991; , while estimations of annually discarded lead-tainted carcasses include 28,000 "varmint" carcasses and 36,000 big game gut piles in California and >1.05 million prairie dogs (Cynomys ludovicianus) killed with lead bullets per year in South Dakota (Huxoll, 2012) . Obligate scavengers therefore are likely exposed to anthropogenic lead when foraging, and the degree to which they are exposed may be a strong indicator of the ecosystem-wide distribution of environmental lead. These analyses have substantial indirect implications for human exposure, since one of the most common vulture food sources -hunterkilled game -is also common in human diet.
High concentrations of lead in blood of birds can have a suite of detrimental physiological effects (summarized in Haig et al., 2014) , including reduction in hemoglobin synthesis, decreases in bone mineralization , oxidative insult and demyelination of nerve cells (Mateo et al., 2003) . Blood lead levels have also been associated with increases in the mortality rate of the iconic and critically endangered California condor (Gymnogyps californianus; .
However, in spite of the frequency with which they are used in avian toxicology studies (i.e. liver, blood; Carpenter et al., 2003; Harmata and Restani, 2013) , blood metrics are an imperfect indicator of lifetime total exposure to lead because they are responsive primarily to recent events. In fact, avian rehabilitators describe regular admission of birds with no neurological symptoms (wing drooping, flightless, listlessness; of lead poisoning but high blood lead levels, and admission of birds with neurological symptoms consistent with lead poisoning but low blood lead levels. This is because lead competes with and replaces calcium within the central nervous and skeletal systems Finkelstein et al., 2008; . Thus, animals chronically exposed to lead show high bone lead levels, regardless of the time since recent exposure. Likewise, blood lead levels could be indicative of either recent exposure or of long-stored lead leached from bone into blood (Ambrose et al., 2000; . It is for this reason that bone lead metrics can be a better indicator than blood of long-term lead burden and exposure (Ambrose et al., 2000) .
To evaluate the degree to which wildlife are exposed to lead and, therefore, to give insight into the extent to which anthropogenic lead pervades modern trophic systems, we evaluated chronic lead exposure of two species of obligate scavengers, the American black vulture (Coragyps atratus; hereafter black vulture) and the turkey vulture (Cathartes aura), collected in the U.S. state of Virginia. These species are two of the three avian obligate scavengers in North America (the other is the California condor whose modern range does not include eastern North America; . East of the Mississippi River, turkey vultures are found south of ~51° in Quebec (Kirk and Mossman, 1998) and black vultures south of ~41° in Pennsylvania (Buckley, 1999 (Kirk and Mossman, 1998; Buckley, 1999) . Individuals of both vulture species are known to be more resistant to the effects of lead toxicity than are many other animals and thus are better environmental sentinels than are species that die quickly when exposed to low concentrations of lead (i.e., these vultures can accumulate and harbor lead for a longer period of time than more sensitive species; Carpenter et al., 2003; Bravo et al., 2005) .
Chronic lead exposure was evaluated by quantifying lead concentrations in femurs of culled vultures. To understand differences in chronic and recent exposure, we also quantified lead concentration in liver tissue from the same individuals. While blood is the typical medium for assessing recent exposure for live birds, liver is the preferred tissue collected from bird carcasses to understand recent toxicological events . Once harvested, tissue samples were digested in nitric acid and lead concentration measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). We also measured lead isotope ratios (204Pb, 206Pb, 207Pb, and 208Pb) of these same black and turkey vulture femur samples to determine probable sources of lead.
METHODS
Sample collection
Vultures (n = 98 black vultures and 10 turkey vultures) were culled by the U.S. Foil-wrapped samples were thawed to room temperature for preparation. We cleaned the target tissue manually to remove traces of non-target tissue (e.g., muscle, connective tissue on bones or liver). We dissected target tissue and weighed 0.5000 -0.5449 g (wet weight) on a digital balance (Sargent-Welch SWA 200DR). To allow comparison between samples with different masses, we used the measurement of mg of lead per kg of tissue (mg/kg). Each sample was handled with new scalpel blades and gloves and stored in a previously unused sample vial to prevent cross contamination between samples.
Department of
Sample preparation, lead (Pb) concentration, and isotope ratio analysis
Tissue samples collected and weighed on a wet weight basis were digested in 10 ml of ~67-70% nitric acid (TraceMetal Grade, Fisher Scientific) and maintained at room temperature until analysis. Prior to analysis, samples were heated at 105˚C for three hours and diluted to 50 ml with ultrapure water and then read by ICP-MS at REIC Laboratories, Beaver, WV. Method detection limits (MDL) averaged 0.0569 ± 0.0904 (mean ± SD) for black vulture samples and 0.0399 ± 0.0008 for turkey vulture samples.
To test the consistency of our results within tissue types, we collected new tissue samples from a small subset of the frozen tissue already analyzed. Two of the samples re-evaluated were samples whose lead concentration was within 1 standard deviation of the population mean found after the first run (mean = 36 mg/kg; samples chosen = 11.8 mg/kg and 15.3 mg/kg) and the third was one extreme outlier (629 mg/kg). In all cases, results were within 15% of the original measurements (11.0 mg/kg, 14.0 mg/kg, and 540 mg/kg, respectively). In statistical analysis of the three tissues sampled twice, we only included the one measurement for each tissue sample that was closer to the population mean for lead concentration.
In addition to standard methodological controls implemented by the analytical lab, we submitted for analysis two types of putative blanks as controls. We prepared three samples from the femur of store-bought organically raised domestic chicken (Gallus gallus; Pb = 0.766 ± 0.19 mg/kg; MDL = 0.039 ± 0.0006) and four samples of nitric acid (no tissue; Pb = 0.0079 ± 0.0028 mg/L; MDL = 0.0002 ± 0.00). These represent either, at worst, typical levels of potential contamination in our sampling, or at best, actual background measures of lead in these materials.
Finally, to evaluate both lead isotope ratios in femur samples and potential lab-and instrument-specific failure points, we sent for re-analysis, Taylor, 1998). M/z 207 has an explicit requirement for adjustment likely owing to an instrumentspecific mass discrimination, and it is an accepted technique to correct for such bias by using a suitable isotope standard reference material (Becker, 2005 Lead concentration measurements from the two labs were well correlated (R = 0.95).
These same 114 samples included the 108 evaluated for lead isotope ratios.
Data analysis
Data analysis of lead concentrations in femur and liver were conducted on the original REIC results. To compare femur and liver concentrations among black and turkey vultures, we used a t-test. Statistical comparisons were performed without the femur outlier (540 mg/kg). We used a similar test to compare our lead isotope data with those from California condors . Where appropriate, we log-transformed data to meet assumptions of the statistical tests. We correlated lead levels in femur and in liver with a Pearson correlation coefficient on the 105 birds from which both femur and liver samples were collected.
RESULTS
All 108 vultures had bone lead levels indicative of long-term lead exposure. Femur lead levels averaged 36.99 ± 55.21 mg/kg (±SD; range: 4.5 -540; n = 98 black vultures) and 23.02 ± 18.77 mg/kg (±SD; range: 6.17 -70; n = 10 turkey vultures). There was no difference between the femur lead concentrations of the two vulture species (femur: t10.5 = 1.51, p = 0.16; Fig. 1a ).
The range of bone lead levels we found here were, with the exception of our one outlier, broadly similar to those reported for red kites (Milvus milvus; 0 -187 µg/g; n = 86; Pain et al., 2007) and
Spanish imperial eagles (Aquila adalberti; 0 -155 µg/g; n = 34; . However, our measurements were higher than those of Egyptian vultures (Neophron percnopterus; 0 -30 µg/g; n = 39; and California condors (4.13 -14.6 µg/g; n = 2; , the second of which are regularly chelated to remove lead from their body.
Only a few vulture samples had liver lead levels consistent with recent exposure or leaching from bone. Liver lead levels of black vultures averaged 0.78 mg/kg ± 0.93 (±SD; range:
0.12 -6.17 mg/kg; n = 96) and 0.55 ± 0.34 mg/kg (±SD; range: 0.23 -1.3 mg/kg; n = 9) in turkey vultures. There was no difference between the liver lead concentrations of the two species (liver: t10.5 = 0.82, p = 0.43; Fig. 1b ). Finally, lead levels in femur and liver were not correlated (r = 0.09, without outlier; Fig. 2 ).
Average isotope ratios of 207Pb/206Pb in femur samples were 0.8272 ± 0.0121 (range:
0.8055 -0.8813; n = 98) for black vultures and 0.8268 ± 0.0123 (range: 0.8121 -0.8513; n = 10; 
DISCUSSION
The extent to which chronic lead exposure is epidemic in obligate scavengers in eastern
North America provides important ecological insights. First, because sources of anthropogenic lead in the environment have changed dramatically with reduced use of lead in gasoline and paint (Komárek et al., 2008) , the pervasiveness and chronic nature of anthropogenic lead exposure in vulture populations therefore is surprising. Furthermore, this trend would not have been evident with a sampling strategy based on standard blood or liver sampling. The fact that bone and liver lead levels were not correlated corroborates past evidence (Pain et al., 2007) that soft tissue and fluid sampling is of limited effectiveness in understanding long-term lead exposure of birds. Other studies of lead in birds have included feather sample analysis Harmata and Restani, 2013) . Although a better measure than blood and liver of long-term exposure, even the largest birds grow their feathers over the course of <10 weeks, and thus lead levels in feathers are indicative only of a relatively short period of the long lifespan (>20 yrs) of these birds. Considering the kinetics of lead in an animal's body, measuring concentration in bone is likely the most effective manner to sample the long-term burden animals face from repeated lead exposure (Ambrose et al., 2000) .
Second, our analysis provides key information on the potential sources of environmental lead that vultures encounter. The lead isotope ratios we measured are largely inconsistent with exposure to lead-based paint used at a fire tower in California (only one of 98 black vulture samples and zero of 10 turkey vulture samples fall in the range of paint chips that impacted condors in one study; or with exposure from lead smelting operations.
However, isotope ratios were nearly identical to those of post-release condors and therefore consistent with lead used in ammunition and emitted from coal-fired power plants and zinc smelting operations. In fact, coal and zinc are produced and heavily used, and recreational shooting and hunting are common in eastern North America. Future work with these and related species should consider not only the typical potential sources of lead (ammunition, paint), but also potential sources associated with their economically damaging behavior (vultures damage and ingest vehicle rubber, household waste, roofing material; Lowney, 1999) .
Third, the thorough extent of exposure in these environmental sentinels suggests that anthropogenic lead permeates natural eastern North American ecosystems in a previously unrecognized manner. Because lead exposure is completely pervasive in this population, because it appears to come from multiple sources, and because it is ubiquitous in birds that range across eastern North America, it is likely that other species occupying the same space, including humans, also are exposed to this toxin, lethally and sublethally.
In the western U.S., lead poisoning is the exclusive factor holding back the recovery of the critically endangered California condor . Although black and turkey vultures are more robust to lead poisoning than are condors (Carpenter et al., 2003) and their populations are not declining, these species play an important role as environmental sentinels in eastern North American ecosystems. Our analysis therefore suggests two important consequences for understanding human and wildlife health concerns. First, although human exposure to lead is still monitored (Cave et al., 2010; Amato et al., 2013) , eastern U.S. humans at high risk (those consuming hunter-killed game or living or working near coal-fired power plants) may acquire lead with similar frequency as do these vultures. Second, the comparison between lead in liver and bone suggests that soft, feather, or fluid-tissue measurements typical for use in avian toxicology studies (i.e. liver, blood; Carpenter et al., 2003; Harmata and Restani, 2013) , may be reliable indicators of only relatively short-term lead exposure. Therefore, studies that rely solely on liver, feather, or blood samples will underestimate the true pervasiveness of lead within organisms and modern ecosystems. 
INTRODUCTION
Lead is a naturally-occurring element in the Earth's crust (Turekian et al., 1961) , but is a harmful and nonessential element within the body of living organisms. The presence of any amount of lead within the body of humans or wildlife can have negative effects at both the individual and population-levels (Finkelstein et al., 1998; Naidoo et al., 2012; . To address human and wildlife health threats, effective monitoring of lead levels is of critical importance.
Lead in humans is associated with decreased IQ of children , hypertension and renal impairment (Bautman et al., 1983) , and juvenile delinquency . Elevated blood lead levels are also associated with increased societal violence (Nevin, 2007; Mielke and Zahran, 2012) . Lead in wildlife is associated with decreased hemoglobin synthesis , decreased bone mineralization , and, in birds, crop stasis and subsequent starvation (Aguilar et al., 2012) . Lead poisoning also is a major factor impeding the recovery of the California condor (Gymnogyps californianus; .
Currently, the most commonly used way to monitor lead in humans and wildlife is via collection and analysis of blood samples Naidoo et al., 2012) . Unfortunately, blood and other soft tissues (liver, kidney) are indicative of only recent exposure to lead (Hu et al., 1998; Martin et al., 2008) . A slightly longer period of lead exposure can be determined through lead concentrations of keratin-based tissues (e.g., feathers and hair; Kopito et al., 1967; . Feathers and hair reflect lead content accumulated over the period in which the tissue was formed (Tuthill, 1996; . However, neither keratin-based tissues nor soft tissues provide a comprehensive view of the pervasiveness of lead within individuals or ecosystems ). Some authors have suggested that the best way to accurately estimate the depth and breadth of lead exposure is via sampling bone (Hu et al., 1998; Behmke et al., 2015) .
Within bone, lead ions (Pb2+) compete with and replace calcium ions (Ca2+; . Despite the occasional remobilization of bone lead back into the bloodstream, these lead ions accumulate over a lifetime within the skeletal system (Hu et al., 1998; . Unfortunately, to sample bone, an individual must either be necropsied (Behmke et al., 2015) , biopsied via invasive surgery (Schutz et al., 1987) , or live individuals must be subjected to expensive and often logistically challenging x-ray fluorescence procedures (Hu et al., 1998) .
For these reasons, bone lead is not typically sampled in live individuals.
The extent of lead exposure that is revealed through bone sampling could potentially be The overall goal of this research was to provide a baseline for potential use of minimally invasive sampling to identify lifetime lead exposure. Our study had two primary objectives. First, we aimed to better understand how lead is distributed throughout the body of avian scavengers that have not died of lead poisoning. Second, we aimed to determine if univariate or multivariate statistical relationships exist between lead levels in bone and other tissues. We interpreted these findings both in the context of understanding the distribution of lead throughout the avian body and also in the context of improved monitoring of lead poisoning in wildlife.
METHODS
Sample collection
Black 
Sample preparation and lead (Pb) concentration analysis
Tissue samples were thawed to room temperature for preparation. Traces of non-target tissue (e.g., muscle, connective tissue) were removed manually from the target tissue. We weighed 0.5000 -0.5449 g (wet weight) of the target tissue on a digital balance (Sargent-Welch SWA 200DR). To prevent cross contamination among samples, each sample was handled with new gloves and scalpel blades and was stored in a previously unused vial.
These known-weight tissue samples were then digested in 10 ml of nitric acid Behmke et al., 2015) . Only lead concentration results from the first laboratory (REIC) are considered here.
Data analysis
To better understand how lead is distributed throughout the body of these avian scavengers, we summarized data on lead levels within each of the tissue samples we collected.
We compared lead concentrations in each tissue type between species with a t-test (when logtransformed data were normally distributed) or with a Wilcoxon signed-rank test (when transformed data were not normally distributed).
We took a two-step approach to determine if univariate or multivariate statistical relationships exist between lead levels in bone and other tissues. First, we used regression analyses (R version 3.0.3) to evaluate the potential for simple linear relationships between femur (our response variable) and four predictor variables -liver, breast muscle, thigh muscle, and kidney. We tested for normality using a Shapiro test, and, to more closely meet the assumptions of parametric statistical tests, we log-transformed data that were not normally distributed. For each regression, we only considered birds for which we had samples from both response and predictor variables. Thus, sample sizes are different for each comparison. Regressions were performed on data from both black vultures and turkey vultures.
Second, we used a discriminant function analysis (DFA; R package "MASS"; Venables and Ripley, 2002) to better understand if concentrations of lead within soft tissue -liver, breast muscle, and kidney -could be used as predictors in a multivariate framework to differentiate among femur lead concentrations. For this analysis we divided femur lead concentrations into groups representative of three different levels of lead exposure (high, medium, and low). "High" samples included femur lead concentrations ≥ 30mg/kg, "medium" samples were lead concentrations < 30mg/kg but ≥ 20mg/kg, and "low" samples were those with lead concentrations < 20mg/kg. DFA was performed on the 56 black vultures from which samples of liver, breast muscle, kidney, and femur were collected.
RESULTS
Distribution of lead throughout the body
We analyzed lead levels of 98 black vultures (BLVU; one individual with femur lead level of 629mg/kg was treated as an outlier and removed from subsequent analyses) and 10 turkey vultures (TUVU). In every black vulture sampled, femur lead concentration ( ̅ = 31.80mg/kg ± 20.42; Table 1a ) was higher than lead concentrations in every other tissue, including kidney (0.688mg/kg ± 0.500), liver (0.748mg/kg ± 0.842), thigh muscle (0.152mg/kg ± 0.180), and breast muscle (0.138mg/kg ± 0.126). Likewise, in every turkey vulture sampled, femur lead concentration ( ̅ = 23.21mg/kg ± 18.77 (±SD); Table 1b ) was higher than lead concentrations in every other tissue, including kidney (0.575mg/kg ± 0.320), liver (0.499mg/kg ± 0.360), thigh muscle (0.112mg/kg ± 0.045), and breast muscle (0.112mg/kg ± 0.047).
Furthermore, lead levels in black vulture femurs in this study were on average 56 times greater than kidney (range: 10 -210 times greater), 66 times greater than liver (range: 4 -259), 369 times greater than thigh muscle (range: 32 -1,423), and 407 times greater than breast muscle (range: 9 -1,970).
In 50 out of 75 black vultures we studied, kidney tissue had higher lead concentrations than did liver tissue. Kidney lead levels were on average 1.42 times greater than liver (range = 0.13 -11.7 times greater). In 55 out of 56 black vultures, kidney tissue had higher lead concentrations than did breast muscle. Kidney lead levels were on average 8.9 times greater than those in breast muscle (range: 0.58 -52). In 58 out of 59 black vultures, liver tissue had higher lead concentrations than did breast muscle. Liver lead levels were on average 7.2 times greater than those in breast muscle (range: 0.72 -51). There was no statistical difference between lead levels in breast and thigh muscle (t116.7 = -0.604, p = 0.547) of black vultures. Additionally, in spite of the dramatic differences in sample size, there were no significant differences in lead levels of any tissue between the two species considered (femur: t10.5 = 1.51, p = 0.160; kidney: W = 325.5, p = 0.700; liver: W = 572.5, p = 0.290; breast muscle: W = 259.5, p = 0.859; thigh muscle: W = 357, p = 0.714).
Relationships of lead concentrations among tissues
Univariate regressions suggested generally weak relationships between lead levels in soft tissue and in femur of black vultures (Table 2a ). Although kidney lead concentrations were the best predictor of femur lead concentrations, the relationship was still generally weak (r 2 = 0.204).
Concentrations of femur lead were essentially unrelated to concentrations in other tissues (liver: r 2 = 0.015; thigh muscle: r 2 = -0.008; breast muscle: r 2 = -0.007).
In spite of the small sample size, between-tissue relationships within turkey vultures were similar to those of black vultures (Table 2b ). Once again, kidney lead concentrations were the best predictor of femur lead concentrations (r 2 = 0.659). Also, concentrations of femur lead were once again essentially unrelated to concentrations in other tissues (liver: r 2 = 0.152; thigh muscle: r 2 = -0.113; breast muscle: r 2 = -0.143).
Multivariate statistical analysis (DFA) performed better than univariate analyses in describing relationships among soft tissue and femur lead concentrations (Figure 1 ). The first discriminant dimension resulting from our DFA accounted for 73.6% of the variation in the dataset, and was most strongly negatively correlated with kidney lead levels (r = -0.98). The second discriminant dimension accounted for 26.4% of the variation in the dataset, and was positively correlated with liver (r = 0.80) and, to a lesser degree, breast muscle (r = 0.61).
DISCUSSION
Lead is widely and disparately distributed throughout the bodies of the vultures we studied. The organism-wide lead distribution that we report here provides insight for future sampling to better monitor lead exposure in wildlife. Our analysis, however, did not identify any strong statistical relationships between femur and the soft tissues we sampled that would allow us to predict bone lead levels.
Univariate relationships between lead levels in soft tissue and those in bone were generally poor. This finding suggests that sampling of tissues other than bone is unlikely to provide substantial insight into the long-term lead burden in birds. This conclusion is further supported by the dramatically lower lead concentrations that we found in kidney, liver, and muscle tissue than in bone. These tissue lead concentrations generally conform to previous toxicological and physiological studies that demonstrate that the skeletal system is the ultimate reservoir for lead (Hu et al., 1998; .
Our work suggests that if bone samples are not available, kidney is a better tissue than liver to better understand lead accumulation within the body. Oddly, liver is the tissue most commonly sampled during necropsy to determine the degree of lead poisoning in birds (Blus et al., 1995; . Liver measurements, however, poorly reflect total body burden of lead and may also poorly reflect recent lead exposure. This is likely attributed to the physiology of the organ and its role, or lack thereof, in the detoxification of lead from the body.
For example, since lead is an element, which by definition cannot be metabolized, and a main function of the liver is to metabolize molecules by oxidation or reduction (Doneley, 2004) , lead usually is not eliminated from the bloodstream via this organ. Furthermore, although lead is a toxin that causes deleterious effects within the body, it is often transported and stored throughout the body as if it were a calcium ion ). This mistaken identity most likely permits lead ions to follow the sequestration process designed for calcium ions, where it is drawn into the bones , used by the nervous system (Braet et al., 2004) , and filtered through the kidneys (Bushinsky and Monk, 1998) . Given that lead ions can replace calcium in physiological reactions, it makes sense that the kidneys play a larger role than liver in the filtration and removal of blood-borne lead.
Despite the role that kidneys play in the pathophysiology of lead, kidney tissue alone was still a weak predictor of femur lead levels. Rather than interpreting soft-tissue measurements, monitoring long-term lead exposure of birds appears to be best conducted via bone sampling.
Although sampling bone of live wildlife is often complicated and logistically challenging, new technologies are being developed. A useful mechanism that may facilitate the process of bone sampling in live individuals to better monitor environmental lead exposure may be the recently developed portable x-ray fluorescence (XRF) machines (Nie et al., 2011; Little et al., 2014) .
Until these technologies improve, a potentially useful and simple next step for lead testing of live individuals may be sampling excrement. This follows from human medicine because urine is often collected and analyzed to monitor the effects of chelation in lead-poisoned people (Bautman et al., 1983) . Our study suggests application to wildlife because we found the two best soft tissues to use in monitoring lead exposure are organs of the excretory and digestive systems (kidney and liver, respectively). Excretory samples are also convenient because they are reasonably straightforward to collect. Future studies should determine how lead levels in excrement of live birds correlate to lead levels in bone, kidney, and liver of euthanized individuals.
Our work provides valuable information regarding organism-wide patterns of lead sequestration in raptors that have not died of lead poisoning. In particular, our results show that lead levels in bones are dramatically more useful in describing lead exposure than are lead levels in any other tissue. Our analysis also illustrates how determination of lead poisoning depends dramatically on the tissue sampled. If we had only sampled liver or kidney tissue, it is extremely unlikely that we would have understood the degree to which lead exposure is pervasive within these populations of obligate avian scavengers (Behmke et al., 2015) . Determining the pervasiveness of environmental toxins in wildlife, however, presents special challenges. This is especially the case for species for which hundreds of dead individuals are not readily available.
Therefore, our work also points out the importance of identifying new mechanisms for sampling and new ways to understand the long-term lead burden carried in live, as opposed to harvested, wildlife.
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